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Metal-insulator-metal (MIM) capacitors with lanthanum oxide (La2O3) high-j dielectric, for
potential applications in mixed-signal integrated circuit (IC), have been fabricated using a dense
plasma focus device. The electrical characteristics and morphological properties of the fabricated
nanodevices are studied. The MIM capacitors were further annealed to enhance the electrical
properties in terms of the low leakage current density, the high capacitance density, and the
improved capacitance voltage linearity. The minimum leakage current densities of 1.6 109
A/cm2 and 2.0 1010A/cm2 at 1V are obtained along with the maximum capacitance
densities of 17.96 fF/lm2 at 100 kHz and 19.10 fF/lm2 at 1MHz, 0 V for as-fabricated and
annealed MIM capacitors having 15 nm thick dielectric layers as measured using ellipsometry. The
nanofilms with the minimum root mean square roughness of 10 nm are examined using atomic
force microscopy. The results are superior compared to some other MIM capacitors and can be
optimized to achieve the best electrical parameters for potential applications in radio frequency
(RF)/mixed signal ICs. The high frequency C-V measurements indicate an increase in the
capacitance density upon increasing the frequency which supports the possibility of potential
high-frequency/RF applications of the MIM capacitors. VC 2014 American Vacuum Society.
[http://dx.doi.org/10.1116/1.4862093]
I. INTRODUCTION
The next generation metal-insulator-metal (MIM) capaci-
tors in integrated circuits (ICs) need further improvement in
terms of leakage current density, capacitance density, and
capacitance–voltage response. These MIM capacitors are
used in high-quality passive components for RF/mixed-
signal ICs for various applications like filtering, analog-to-
digital converters, and several others. Traditionally, oxide or
nitride (SiO2 or Si3N4) based MIM capacitors have provided
low leakage currents and good capacitance–voltage linearity,
but the capacitance density of these MIM capacitors is typi-
cally low1–3 due to the low dielectric constants of SiO2
(3.9) and Si3N4 (7).
These limitations motivate us to investigate the high-j
materials to replace the traditional oxides and nitrides in
MIM capacitors. Several high-j dielectric materials in the
MIM capacitors have been investigated including Al2O3,
4
Ta2O5,
5 TiO2,
6 HfO2,
7 and ZrO2,
8 which resulted in high ca-
pacitance density, low leakage current density but still have
a poor capacitance–voltage linearity. This is why several
combinations9–11 of high-j dielectric materials have been
explored to overcome these limitations and achieve the best
electrical characteristics according to the International
Technology Roadmap for Semiconductors (ITRS) guide-
lines.12 These guidelines suggest that the MIM capacitors
should possess higher capacitance densities (>10 fF/lm2),
leakage current densities lower than 108 A/cm2, and quad-
ratic voltage coefficient of capacitance (VCC) lower than
100 ppm/V2.
However, the use of dielectric stacks in MIM capacitors
does not provide satisfactory electrical characteristics
according to the ITRS guidelines. The electrical properties
of MIM capacitors also vary significantly between different
film growth methods. Plasma-based methods offer interest-
ing and viable alternatives for thin film and nanostructure
growth.13,14 This has led us to investigate lanthanum oxide
(La2O3, high-j material) as a MIM capacitor fabricated
using a dense plasma focus (DPF) device before and after
post metallic annealing.
In this paper, we report the deposition of nanoscale La2O3
dielectric layers using a modified DPF device. The modified
DPF device has the following unique advantages over other
methods: (1) deposition of La2O3 is carried out by nearly
fully ionized material13 ablated from the disc; (2) no need of
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thermal heating or biasing of the substrate; (3) post-annealing
of the deposited material is not required; and (4) it has
reduced processing time and number of steps for deposition.
The deposited La2O3 films are integrated into MIM capacitors
to improve the capacitance density, permittivity, leakage cur-
rent density, and capacitance–voltage linearity. The La2O3
dielectric has also been studied for its morphological proper-
ties using atomic force microscopy (AFM). The electrical
properties of post metallic annealed MIM capacitors are also
investigated and discussed.
II. EXPERIMENT
The high-j La2O3 nanofilm based MIM capacitors were
fabricated on silicon wafers, which were cleaned by standard
RCA cleaning in order to remove organic and inorganic con-
taminations. A 200 nm-thick aluminum (Al) metal film was
deposited on the wafer as the bottom electrode by thermal
evaporation. The metallized substrate was then placed inside
the chamber of the modified DPF device where the ions of
La2O3 generated away from the substrate were deposited on
the metallized surface. For deposition, a La2O3 target was
fitted on top of the modified anode of the DPF device where
the focused plasma is formed. The DPF device used is 3.3 kJ
Mather type,15 powered by 30 lF, 15 kV high energy storage
capacitor. For deposition of La2O3, the DPF device has been
suitably modified, and these modifications were similar to
that done earlier for the plasma-assisted thin film deposition
and nanofabrication.13,16–18 A schematic arrangement of the
DPF device with the modified anode and other modifications
is shown in Fig. 1. The focused argon plasma produced in
modified DPF device has density of the order of 1026m3,
temperature 1–2 keV and duration of 100 ns. In this
focused phase, approximately 1017 ions per shot were pro-
duced. The La2O3 nanofilms were deposited with one, two,
and three DPF shots and substrates were placed for deposi-
tion at an optimum distance of 4.0 cm from the top of the an-
ode. The physical thickness of the dielectric films was
measured using laser ellipsometer (SENTECH SE850) and
was found to be 15 nm, 25 nm, and 40 nm for the films
deposited with one, two, and three DPF shots, respectively.
AFM analyses were performed on a Pico SPM Scan 2100
instrument operated in a scanning non-contact mode. The
top contacts (Al-dots) of MIM capacitors were fabricated
with a diameter of 200 lm (Area¼ 31 420 lm2) using ther-
mal evaporation and shadow masking technique. The C-V
characteristics were measured using Agilent (HP) mode
4284A LCR meter and semiconductor characterization sys-
tem KEITHLEY 4200-SCS was used for I-V measurements.
To study the post metallic annealing effect on the electrical
properties of the MIM capacitors, the as-fabricated MIM
capacitors were annealed in nitrogen ambient at a tempera-
ture of 400 C for 20min.
III. RESULTS AND DISCUSSION
Figure 2(a) shows the AFM images of high-j dielectric
La2O3 nanofilms deposited on Al-based metallized silicon
with one DPF shot, which indicates the formation of nano-
sized structures. The growth of nanosized structures is nearly
uniform, thus forming nanofilms. The root mean square
roughness obtained from the AFM analyses19 is 10.36 nm
for one DPF shot. AFM images of the same sample scanned
at different scan area are presented in Figs. 2(b) and 2(c).
These images show the presence of some irregular pits (dark
areas in AFM images) and tips (brighter areas in AFM
images); otherwise, the morphology of the film is quite uni-
form, which is evidenced by a fairly uniform color distribu-
tion in the AFM images in Fig. 2. The presence of irregular
(and non-dominant) features produces an overestimate of the
actual surface roughness. The effective oxide thickness
(EOT) has been calculated, and its variation with the number
of DPF shots is shown in Fig. 3. It shows an increase in EOT
with the number of DPF shots and the minimum EOT was
obtained in the one-shot case. This may result in the better
device made using a one-shot deposited La2O3 dielectric
layer. To investigate this possibility further, one needs to
study the electrical properties of these nanosized films inte-
grated into MIM capacitors.
The room-temperature J-V characteristics of the MIM
capacitors fabricated on one, two, and three shots deposited
La2O3 films are presented in Fig. 4(a). The J-V characteris-
tics of the Al/La2O3/Al MIM capacitor are measured in the
voltage range of 5V to 5V. The observed leakage current
densities of the MIM capacitors increase for both voltage
polarities with the magnitude ten times smaller in the nega-
tive bias region compared to the positive bias region. This
asymmetric behavior can be explained by the differences in
the material properties and conduction mechanisms across
the La2O3/Al interface. However, the minimum values of the
current densities are observed for the MIM capacitors fabri-
cated with one DPF shot experiment. The typical value of
the current density is 1.6 109 A/cm2 at 1V for the
one shot case.
We note that the leakage current density increases with
increasing the number of shots despite that the thickness of
high-j dielectric increases. This might be due to the higher
FIG. 1. (Color online) Schematic of modified DPF device showing its modi-
fications for target, substrate, and shutter arrangement.
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free charge carrier density at the La2O3/Al interface. This
increase in free carrier density may be due to the presence of
more ionized species (related to the deposition process) in
the dielectric films which are deposited with a larger number
of shots. These ionized species may increase the free charge
carrier density at the interface, which in turn may lead to the
higher leakage currents. The leakage currents observed in
the present experiment are comparable to the observations
by other researchers20–22 for different high-j oxides MIM
capacitors.
The temperature dependent study of J-V characteristics is
shown in Fig. 4(b) for one-shot case. It shows increased
leakage current densities with increasing the measurement
temperature. This increase in the leakage current density
with temperature suggests that the Schottky emission is the
dominant current conduction mechanism. The reduction in
the barrier height upon the application of the electric field is
due to thermal activation of electrons over the metal-
insulator interface, which is responsible for Schottky emis-
sion, characterized by the following temperature dependence
of the current density:23
Js ¼ AT2 exp
q /B 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qE=4pere0
p 
kT
" #
;
where A* is the effective Richardson constant 120 (m*/m0)
A/cm2 K2, m* is the effective electronic mass, quB is
Schottky barrier height, E is electric field, and q is the elec-
tronic charge. In the Schottky emission, the plot of ln(J) ver-
sus E should be a straight line with a positive slope as
shown in Fig. 4(c). The plots were found to be linear having
almost the same slopes in different electric field ranges.
These observations confirmed that the Schottky emission is
the dominant current conduction mechanism in the present
experiment.
The obtained J-V characteristics show the lowest leakage
current densities for the one-shot case which corresponds to
the maximum capacitance densities. Thus, we have presented
the C-V characteristics of the MIM capacitors fabricated using
La2O3 nanofilms deposited with one DPF shot only. The C-V
characteristics of the fabricated MIM capacitors in multiple
frequency ranges are presented in Fig. 5(a). The C-V plots
were measured in the voltage range of 5V to þ5V. The
C-V measurements were performed in the frequency range
from 100 Hz to 1MHz to study the effect of the frequency on
the C-V characteristic. We have observed frequency depend-
ence in the C-V curve, which indicates almost the similar ca-
pacitance densities 17.89 fF/lm2 at low frequencies of 100
Hz and 1 kHz. This capacitance density is further reduced to
17.85 fF/lm2 at 10 kHz. On further increasing the frequency
to 100 kHz, the capacitance density rises to 17.95 fF/lm2
and then reduces to 17.71 fF/lm2 at 1MHz. The highest ca-
pacitance density has a typical value of 17.96 fF/lm2 at
100 kHz and 0V. However, the C-V curves for the two- and
three-shots-based MIM device (not presented) show a
decrease in the capacitance density to 14.07 fF/lm2 and
7.80 fF/lm2 at 100 kHz, 0V, respectively.
The observed C-V characteristics are comparable to the
results of other researchers20–22,24 for different high-j oxide
FIG. 2. (Color online) AFM images (a)–(c) taken at different areas of the as-deposited La2O3 dielectric on Al-coated silicon with one DPF shot.
FIG. 3. Effective oxide thickness vs the number of shots.
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MIM capacitors. In particular, the capacitance densities
obtained in the present experiment for the one-shot case is
larger compared to the 10-nm La2O3 MIM structure grown
by e-beam evaporation.21
The performance of a MIM capacitor depends on the ma-
terial properties of the deposited dielectric along with the top
and bottom electrodes as well as the method of the film
growth. The frequencies at which the C-V measurement was
done, the metal–dielectric interface and the thickness of the
dielectric layer also play a crucial role in the performance of
MIM capacitors. To obtain a capacitance density–voltage
linearity (an important parameter for MIM capacitors), all
the above mentioned characteristics should be chosen
carefully.25–27 The normalized relative capacitance as a
function of voltage at different frequencies for the one-shot
device is presented in Fig. 5(b). This plot also shows the fre-
quency dispersion similar to Fig. 5(a).
The VCC is found by the quadratic fitting of the experi-
mental data22,28
DCðVÞ ¼ C0ðaV2 þ bVÞ;
where C0 is the capacitance density at zero voltage, and a
and b are the quadratic and linear VCC. The guidelines pro-
vided by the ITRS suggest that the value of quadratic VCC
should be <100 ppm/V2; thus, the linear VCC can be
neglected.29 The quadratic VCC has been found by fitting
the experimental data separately for each frequency for all
the three devices. The typical minimum VCC value was
found to be 404 ppm/V2 at 10 kHz for one shot experiment,
which is relatively close to the ITRS guidelines. The
obtained value of the quadratic VCC is much lower com-
pared to the previously reported 10-nm La2O3 MIM struc-
ture.21 The values of the electrical parameters obtained in
the present experiment have been compared with other data
and are summarized in Table I. The increased capacitance
densities with the lower leakage current as well as a good
capacitance–voltage linearity in the one-shot case suggest
FIG. 4. (Color online) (a) J–V characteristics of MIM capacitors, (b) temper-
ature dependent J–V curve for one shot, and (c) ln(J) vs E characteristics of
MIM capacitors.
FIG. 5. (Color online) (a) C–V characteristics and (b) normalized relative ca-
pacitance as a function of voltage of MIM capacitors for the one-shot case.
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that out of the three devices, the one-shot device is the best
candidate for MIM applications. This conclusion is also con-
sistent with the above discussions. Therefore, the good elec-
trical results obtained in the present experiment might be
due to the high-j oxide nanofilms synthesized using a DPF
device, which favorably compares to the MIM capacitors
fabricated by other methods.
The frequency dependences of the dielectric constant (j)
and loss tangent (tan d) are presented in Figs. 6(a) and 6(b),
respectively. The dielectric constant is slightly higher for the
one-shot case as compared to the other two cases. The typi-
cal value of the dielectric constant and the loss tangent are
30.3 and 0.038, respectively, for the one-shot case. The
slight increase in the dielectric constant for the one-shot de-
vice also confirms the good quality of the nanosized film of
high-j dielectric. This layer reduces the leakage current and
increases the capacitance density as observed in the present
experiments. However, the loss tangent is almost constant
within the whole frequency range for all the three MIM
capacitors. The loss tangent along with the large dielectric
constant suggests the possible applications of these devices
in mixed signal systems.
The variation of the AC conductivity (rac) of the fabri-
cated MIM capacitors as a function of frequency is presented
in Fig. 7. The rac increases with the frequency, which indi-
cates that the localized carriers are responsible for the AC
conductivity rather than free carriers in the sample. The
Schottky barrier at the metal–dielectric interface is useful for
the interpretation of the observed AC conductivity. The
Schottky current conduction mechanism is relevant to the
whole frequency range (100 Hz to 1MHz) as the dielectric
constant decreases. This current conduction mechanism is
consistent with the J-V measurements. Hence, the observed
AC conductivity is likely due to the Schottky emission cur-
rent conduction mechanism. Thus, in the present experiment,
the Schottky mechanism is the dominant current conduction
mechanism, which determines the electrical properties of the
fabricated MIM devices.
We now study the effect of post metallic annealing on
the electrical properties of the MIM capacitors. The J-V
TABLE I. Comparison of electrical parameters of the MIM capacitors with different dielectric nanolayers.
La-ZrO2
(Ref. 8)
HfLaO
(Ref. 9)
Al2O3-HfO2
(Ref. 11)
TiO2
(Ref. 20)
HfO2
(Ref. 22)
TiLaO
(Ref. 30)
La2O3
(Ref. 21) This work
Process Temp. (C) 500 300 400 300 – 400 <400 – 400 annealed
Top Electrode Pt TaN TiN Ir Ta Ir TaN Al Al
Work-function (eV) 5.93 4.6 4.3 5.27 4.2 5.27 4.6 4.26 4.26
Capacitance density (fF/lm2) 19.8 16 13 28 8.1 24 11.4 17.95 19.10
Current density (A/cm2) at RT 6.5  108 1  107 1  107 3  108 1x108 1  107 1.6  108 1.6  109 2  1010
Quadratic VCC (ppm/V2) 3135 (1MHz) >1000 4240 (1MHz) 5010 (500 kHz) – – 775 (10 kHz) 404 (10 kHz) 310 (1MHz)
FIG. 6. (Color online) (a) Dielectric constant and (b) loss tangent variation
with frequency for the MIM capacitors.
FIG. 7. (Color online) Plot of AC conductivity vs frequency for the MIM
capacitors.
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characteristics of the MIM capacitors obtained after
annealing are shown in Fig. 8(a) for the same voltage
range of 5V to 5V. The J-V characteristics are similar
to the as-fabricated MIM capacitors but the leakage cur-
rent densities are nearly ten times less after the post metal-
lic annealing. The leakage current densities are also
minimum for the one-shot case having a typical value of
2.0 1010 A/cm2 at 1V. The temperature dependence
of the J-V characteristic for the one-shot case [as pre-
sented in Fig. 8(b)] shows a similar increase in the leakage
current density with temperature. Thus, the Schottky emis-
sion is also a dominant current conduction mechanism for
the annealed devices. Figure 8(c) shows the ln(J) versus
E plot for the annealed MIM capacitors, which is also
found to be nearly linear with the same slopes in different
electric field ranges, thereby suggesting the Schottky emis-
sion current conduction mechanism. We emphasize that
the as-fabricated and annealed MIM capacitors rely on the
same (Schottky emission) current conduction mechanism.
However, the annealed devices show the much improved
electrical properties in terms of the much lower leakage
current densities. The reduction in the leakage current den-
sity after annealing might be due to an increase of the
dielectric constant.
The C-V characteristics of post metallic annealed MIM
capacitors with the best J-V characteristics, i.e., for the single
DPF shot only are shown in Fig. 9(a). The frequency disper-
sion effect of the annealed capacitors is much smaller com-
pared to the as-fabricated MIM capacitors, which might be
due to the improvement of the contacts and reduced defect
states at the interface through annealing. The highest capaci-
tance density has a typical value of 19.10 fF/lm2 at
1MHz, 0V, which is greater than the as-fabricated MIM
capacitors. The VCC values of post metallic annealed MIM
capacitors are quite similar to the as-fabricated MIM capaci-
tors. The normalized relative capacitance versus voltage plot
in a broad frequency range for the one-shot device is pre-
sented in Fig. 9(b) with the typical minimum VCC value of
310 ppm/V2 at 1MHz.
FIG. 8. (Color online) (a) J–V characteristics of MIM capacitors annealed at
400 C, (b) temperature-dependent J-V curve for the one-shot case, and (c)
ln(J) vs E characteristics of MIM capacitors annealed at 400 C.
FIG. 9. (Color online) (a) C-V characteristics and (b) normalized relative ca-
pacitance as a function of voltage of MIM capacitors annealed at 400 C for
the one-shot case.
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It is clear that the observed VCC values are close to the
ITRS specifications. Table I summarizes the comparison of
our results with other available data. Thus, our post metallic
annealed MIM capacitors feature much better electrical
properties in terms of the low leakage current density, high
capacitance density, and good capacitance–voltage linearity
compared to the as-fabricated MIM capacitors. The MIM
capacitors fabricated in the one-DPF-shot process with post-
metallic annealing reveal the maximum enhancement of the
electrical properties. In this case, the highest capacitance
density for 1MHz frequency corresponding to the lowest
VCC is achieved. This makes the device more suited for ana-
log and mixed-signal system applications. The electrical
properties of the MIM capacitors with high-j La2O3 depos-
ited using the modified DPF device and the subsequent post
metallic annealing are comparable or even superior com-
pared to other studies.20–22 Table I indicates and subse-
quently confirmed that the electrical parameters obtained in
the present study for MIM capacitors are better than the
results of other researchers8,9,11,20–22,30 and are also in ac-
cordance with ITRS guidelines.
To demonstrate the high-frequency/RF applications of the
MIM capacitors, we have performed the C-V measurements
in the high-frequency range (>1 MHz). The C-V characteris-
tics of the post metallic annealed MIM capacitors produced
with one DPF shot, in the high-frequency range are pre-
sented in Fig. 10(a). The C-V characteristics show an
increase in the capacitance density values upon increasing
the frequency, reaching to 22.1 fF/lm2 at 1GHz. The
high value of the capacitance density and an increase in the
capacitance density value with frequency suggest that the
MIM capacitors are potentially suitable for
high-frequency/RF applications. The frequency dispersion
effect of the post metallic annealed MIM capacitors for the
one-shot case is shown in Fig. 10(b). Figure 10(b) shows the
increase in the capacitance density from low (100Hz) to
high (1GHz) frequencies. It clearly shows that at low and
moderate frequencies the frequency dispersion effect is
small whereas in the high-frequency range the frequency dis-
persion effect is prominent implying the potential applica-
tions of MIM capacitors in high-frequency/RF systems.
IV. SUMMARYAND CONCLUSIONS
Metal-insulator-metal capacitors incorporating dense
plasma focus-produced La2O3 high-j dielectrics have been
investigated for their leakage current, permittivity, capaci-
tance density, and capacitance–voltage linearity. The novelty
of this approach is primarily in (1) the use of an alternative
and effective vacuum film deposition technique (DPF) and
(2) demonstration of good performance of the produced
La2O3 film integrated into the prototype MIM devices, both
before and after the post metallic annealing treatment. The
high capacitance density 17.95 fF/lm2, low leakage cur-
rent density 1.6 109 A/cm2, and good capacitance–
voltage linearity with high permittivity were achieved for
the one-shot MIM device. Post metallic annealing of the
MIM capacitors further reduced the leakage current density
to 2.0 1010 A/cm2, increased the capacitance density to
19.10 fF/lm2, and reduced the VCC value for the one-shot
case. Annealing of MIM capacitors increased the stability of
devices at high frequencies. The MIM capacitors show a pro-
nounced frequency dispersion effect in the high-frequency
range along with the high capacitance density values. The
capacitance density values are found to increase with fre-
quency. The measured electrical characteristics indicate that
the MIM capacitors are viable candidates for analog/mixed-
signal and high-frequency/RF applications.
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FIG. 10. (Color online) (a) C-V characteristics in the high-frequency range
and (b) frequency dispersion curve of the MIM capacitors annealed at
400 C for the one-shot case.
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